Axial fluctuations in carrier concentrations cause detection noise during chemical analysis using flowing carrier streams. Here, we report a method of axial mixing using serially cascaded microchannel units with branches and junctions. Two branched channels in one unit differ in liquid residence time, and the time lags between the two branched channels are different for each unit. Each unit decreases the fluctuations in carrier concentration of the frequency associated with the time lag. The branched channels are in the form of spirals to induce the secondary flow that decreases axial dispersion and enhances the cancelling effect of the axial fluctuations from the branched channels. We evaluated the effect of secondary flow on the reduction in axial dispersion as a function of the Dean number in computational fluid dynamics simulations. Axial mixing in the prototype mixer was the most effective at a Dean number of 10. A prototype mixer whose volume was 52.5 mm 3 reduced absorbance fluctuations from 27.2 to 5.0 mAU in a 0.1% trifluoroacetate aqueous: acetonitrile stream under these conditions. The frequency characteristics of the reduced absorbance fluctuations were evaluated through numerical simulations within a deviation of 20%.
Introduction
Axial fluctuations in carrier concentrations cause detection noise in chemical analysis using flowing carrier streams. For example, pump pulsations in high performance liquid chromatography (HPLC) cause axial fluctuations in the concentration of mixed eluents, as shown in Fig. 1 . Eluents need to be mixed axially to reduce detection noise. Conventional mixers that mix eluents in interspaces with about one-millimeter diameter beads have a large inner volume due to low mixing efficiency. As a result, they need a long time to substitute eluents in the apparatus, and it is difficult to make precise gradient changes in the eluent concentrations in HPLC. Mixers with small volume microchannels have recently been used in commercialized HPLC systems. There have been several excellent reviews on mixing techniques with microchannels (Hessel, et al., 2005 and Nguyen, et al., 2005) . Although most micromixers have been used to disperse liquids or gases radially in channels, research on axial mixing in microchannels has been proposed. Some of them have involved mixing plural liquids in single channels using axial dispersion caused by inhomogeneous flow velocity profiles, which is known as Taylor-Aris dispersion (Okamoto, et al., 2004 , Glasgow, et al., 2003 , and Nguyen, et al., 2006 . Micromixers using flows rearranged through branched channels with different residence times have also been proposed (Choikhet, et al., 2013 , Goovaerts, et al., 2014 , and Hanada, et al., 2012 . Fluctuations in concentration from individual branched flows are cancelled out at recombined points due to differences in the residence time between branched channels, which means that flows are mixed axially from the inlet to the outlet of micromixers. The branched channels for these rearranged flows in mixing need lower volume than the axial mixing in a single channel, as is discussed below. However, the axial dispersion in branched channels decreases the cancelling effect because the fluctuations in concentrations from the longer branched channels are lower than those from shorter channels. Therefore, it is important to reduce axial dispersion in mixing using the rearranged flows.
There has been much research on reducing axial dispersion. Nearly uniform distribution of axial flow velocity is utilized for reducing axial dispersion. Such flow distribution is through electroosmotic flows (Ghosal, 2004 and Zholkovskij, et al., 2004,) , redox-magnetohydrodynamics (Anderson, et al., 2010 , Weston, et al., 2012 , and Sahore, et al., 2013 , or the optimized geometry of the channel cross section under pressure driven flows (Dutta, et al., 2001 , Ajdari, et al., 2006 , and Parks, et al., 2007 . Increasing apparent radial dispersion (Sumpter, et al., 1991) is another way for reducing axial dispersion. Utilizing turbulent flows is one of the methods for increasing radial dispersion. However, it is difficult to cause turbulent flows in microchannels because the Reynolds number is very low under typical conditions in microchannels. On the other hand, secondary flows can be occurred in microchannel and used for enhancing radial dispersion (Janssen, et al., 1975 , Johnson, et al., 1986 , Zhao, et al., 2007 , Minnich, et al., 2010 , and Lewandrowska, et al., 2013 .
We investigated a micromixer using plural branched channels with residence time differences, where the curved geometry of branched channels reduced axial dispersion and made the cancelling effect of axial fluctuations more effective. We first evaluated the concept of reducing axial dispersion with secondary flows in spirally shaped microchannels as a function of the Dean number by simulating computational fluidic dynamics (CFD). Next, the decrease in the broad range of axial fluctuation frequencies using the serially cascaded structure of two-branched-channel units was confirmed through CFD simulations. Finally, the mixing of axial fluctuations was experimentally confirmed and compared with the results obtained from CFD simulations.
Concept of axial mixing micromixer 2.1 Mixing of axial fluctuations
A simple mathematical model for axial dispersion was introduced to describe the principle of axial mixing using microchannels. The concentration c profile as a function of time t and flow direction x in a single channel can be expressed as a general one-dimensional macro-transport equation:
where U is the mean flow velocity in the flow direction, which equals Q/A, where Q is the flow rate and A is the area of the cross section of the channel, and D ax is the effective diffusion coefficient in the direction of flow. Dutta, et al. mathematically analyzed D ax in a pressure-driven flow in a straight channel with a rectangular cross section:
where D is the molecular diffusion coefficient of the solute in the solvent, d is the channel depth, w is the channel width, and f is a factor relevant to the aspect ratio, d/w. In the case of a square channel cross section, f is 1.76 (Dutta, et al., 2006) . When the boundary condition at the inlet (x = 0) is:
where j is the imaginary unit and Re indicates the real component of a complex number. When the channels are branched and recombined as indicated in the left schematic of Fig. 2(b) , the concentration fluctuations can be decreased with a lower channel volume than that in only a single channel as seen in Fig. 2(a) . The length of branched channel 1 in Fig. 2(b) is much shorter than L 0 , and the length of branched channel 2 is one-half of L 0 . Therefore, the outlet of channels 1 and channel 2 correspond to positions of x* = 0 and x* = 0.5. The concentration fluctuation at the recombined point is the average of those of the channel 1 outlet and the channel 2 outlet. The amplitude of the dimensionless concentration fluctuation of 0.12 at the recombined point in Fig. 2 (b) equals that at position x* of 4.0 in Fig. 2(a) for the Bodenstein number Bo of 72 in Figs. 2(a) and 2(b). Therefore, the channel volume can decrease to 1/8 (= 0.5/4.0) from the single channel mixing in Fig. 2(a) to the flow rearrangement using branched channels in Fig. 2(b) .
However, the concentration fluctuations of channel 2 outlet are smaller than those of channel 1 due to the axial dispersion in Fig. 2(b) . Therefore, the reduced axial dispersion in the branched channels increases the effect on axial mixing using the flow rearrangement. 
Channel design formula of serially-cascaded channel units
The channel structure illustrated in Fig. 2(c) can decrease concentration fluctuations with the period of T 0 alone. However, the concentration fluctuations caused by pump pulsation are composed of the basic frequency and its harmonic components due to the pump mechanism. Therefore, we employed several branched-channel units cascaded serially to decrease a broad range of harmonic components in the concentration fluctuations proposed by Shiraishi, 1983 . The concept of axial mixing with three units is shown in Fig. 3 .
The width and the length of the channels in Fig. 3 are described as follows. The first and second variables of functions correspond to the unit number and the channel number in the formulas below. the width of channel n in unit k.
First, the flow rate is assumed to be divided equally into all branched channels:
The cross sections of all channels are square because the axial diffusion coefficient, D ax , in the rectangular channel is minimum when the aspect ratio of the section is one (Dutta, et al., 2006) . The pressure drop, p, of the channel in a laminar flow in a square channel with a width of w and a length of L is: 
where  is the viscosity of the solvent. Therefore, to divide the flow rate equally into each of the branched channels, width w and length L should be:
Also, the difference in the residence time, T(k), between branched channels of unit k is:
where V = Lw 2 , V is the volume of channel n in unit k. From Eqs. (6), (8), and (9), the channel dimension is: 
We evaluated this concept for pump pulsation with an almost constant periodic volume of 100 mm 3 , which was the result of period T 0 of 6.0 s and flow rate Q of 16.67 mm 3 /s. The channel dimensions designed by using Eqs. (10) and (11) are listed in Table 1 . 
Materials and Methods

Computer fluid dynamics (CFD) simulation
Axial dispersion in the channels and axial mixing were evaluated by using three dimensional finite-element calculations of the stationary velocity distribution and transient scalar diffusion. The calculations were carried out using the general fluid simulation software, "STAR-CD® V4.08". The simulation model of the micromixer and the boundary and initial conditions are given in Fig. 4 . The model had 101,452 meshes. The width and length of each channel were based on the values in Table 1 . Each channel had a curvature between 1.0 to 2.5 mm in the spiral form shown in Fig. 4 to induce secondary flow.
The simulation conditions for the physical properties of liquids, flow conditions, and the time steps for transient calculations are summarized in Tables 2 and 3. The conditions in Table 2 are for evaluating axial dispersion in the channels of Unit 1. The conditions in Table 3 are for the axial mixing of Units 1, 2, and 3. The liquids assumed in these simulations were a 50% (v/v) mixture of methanol and water, water, and acetonitrile. These are commonly used as eluents in HPLC measurements. The physical properties of the liquids were assumed to be constant regardless of the mixing conditions because practical fluctuations in the mixing ratios of eluents in the HPLC system, which are described in Fig. 6 in the experimental section, are small relative to the mixing ratios of eluents. The steady flow velocity distribution was first determined in the calculations and then unsteady scalar diffusion was calculated under a steady flow distribution.
The width of the concentration peak that originated from pulsed concentration fluctuations at the inlet was calculated with statistical moments (Rocca, 1985) to quantitatively evaluate axial dispersion. The zero through second central moments M 0 , M 1 , and M 2 , which respectively describe area S, center of mass t , and variance  2 as plotted in Fig. 5 are calculated in this method as: 
The peak width is twice the standard deviation,  ; therefore, the normalized axial dispersion, T*, from the pulsed inlet with the width of T 0 is defined as: Figure 6 illustrates the experimental setup composed of two pumps (Hitachi High-Technologies Corporation, L-2160U), the micromixer, the HPLC column (Hitachi High-Technologies Corporation, LaChromUltra C18，3 mm I.D. x 75 mm), and the absorbance detector (Hitachi High-Technologies Corporation, L-2400U). The liquid sent by pump A was water that contained 0.1 % trifluoroacetate (TFA) and the liquid sent by pump B was acetonitrile that contained 0.1 % trifluoroacetate (TFA). The total flow rate of pumps A and B was 8.33 or 16.67 mm 3 /s, and the ratio of the flow rate of pumps A and B was 1 : 9 in each total flow rate. The mixing efficiency of the micromixer was evaluated to compare the detected absorbance fluctuations with and without the micromixer. The prototype for the micromixer is also shown in Fig. 6 . The channels for the simulation models illustrated in Fig. 4 were formed on the top and bottom sides of the polyetheretherketone (PEEK) substrate by mechanical machining. These channel substrates and the spacers made of a Tefzel® substrate with through-holes to connect the channels of each unit were firmly attached in the housing. Liquid sent by pump A was water that contained 0.1% trifluoroacetate (TFA) and liquid sent by pump B was acetonitrile that contained 0.1% trifluoroacetate (TFA). Channels formed on PEEK substrate were connected with through-holes in Tefzel® spacer in housing structure.
Experiment
Results and Discussion
Axial dispersion in spiral channels evaluated with CFD simulations
We evaluated the decrease in axial dispersion in the spiral channels of Unit 1 outlined in Fig. 4 by using CFD simulations. The concentration fluctuations for case 2 in Table 2 are presented in Fig. 7 as example results from the CFD simulations. The contour plot indicates the concentration distribution in channel sections 1a and 1b of Unit 1 (see Fig. 3 ) at each time. It is clear that the phase of concentration fluctuations at the outlet of channel 2 has shifted from the outlet of channel 1.
The flow rates of channels 1 and 2 in each case in Table 2 are plotted in Fig. 8 . The deviation in the flow rate between channels 1 and 2 increases as the total flow rate increases at each kinematic viscosity. The flow rate of channel 2 is larger than that of channel 1. This is because flow resitance in the curved channel increases as a function of the flow rate and curvature. The designed dimensions in Table 1 are based on the condition that the total flow rate is equally divided into each branched channel assuming that the geometries are straight. However, the practical channel shapes in the simulation model are spiral, as shown in Fig. 4 , and the curvature of channel 2 is smaller than that of channel 1. Then, the flow rate is not equally divided into each channel, as shown in Fig. 8 .
Previous researchers (Janssen, et al., 1975 , Johnson, et al., 1986 , Minnich, et al., 2010 , Lewandrowska, et al., 2013 ) evaluated the decrease in axial dispersion as a function of the Dean number and the Schmit number. However, the residence time in the channels in Fig. 4 is much shorter than the characteristic diffusion time, w 2 /D, where w is the channel width and D is the diffusion coefficient. Therefore, only the Dean number was used for the variable on the decrease in axial dispersion in our research. Here, the curvature of the channel 2 of Unit 1 is not constant as shown in Fig. 4 Table 2 as example results from the CFD simulations. Contour plot indicates concentration distributions in sections 1a and 1b of Unit 1 (see Fig. 3 ). Arrows indicate directions of flows. Concentrations at inlet, outlet of channel 1, outlet of channel 2, and outlet of Unit 1 are plotted with the dashed (black), solid (black), dotted (black), and solid (blue) curves, respectively. Fig.8 Flow rate of channels 1and 2 of Unit 1 as a function of total flow rate Q at each kinematic viscosity in Table 2 . The increase of the deviation in the flow rate between channels 1 and 2 as the total flow rate increases is caused by the increase of the flow resitance in the curved channel shown in Fig.4 section 1a and 1b. 
where Re is the Reynolds number defined as Re = Uw /  , w is the channel width, and is the averaged curvature of the channel defined as:
where L is the channel length, x is the axial position of the channel from the inlet to the outlet, and R is the curvature at position x. After this, we will employ the averaged Dean number, De , to evaluate axial dispersion and mixing efficiency. Also, the flow rates in Fig. 8 were used to calculate averaged Dean number
De . Figure 9 plots the concentration fluctuations at outlet channel 2 of Unit 1 under pulsed fluctuations at the inlet in Fig. 4 . The fluctuations at the outlet become sharper and closer to the virtual peak without axial dispersion as the averaged Dean number increases. The normalized axial dispersion defined in Eq. (15) as a function of the averaged Dean number of channe 2 in Unit 1 is plotted in Fig. 10 . It is clear that axial dispersion decereases as the averaged Dean number increases. Figure 11 plots the concentration fluctuations at outlet channels 1 and 2 of Unit 1 under periodic fluctuations at the inlet in Fig. 4 with the periods in Table 2 . There is little difference between the concentration fluctuations at the outlet of channel 1. This is because the residence time is much shorter than the periods of the fluctuations. The fluctuations at the channel 2 outlet, on the other hand, depend on the averaged Dean number due to axial dispersion, as shown in Fig.  10 . Figure 12 plots the normalized concentration at the outlet of Unit 1, which is equivalent to the average fluctuation of the outlet of channels 1 and 2, as a function of the averaged Dean number. Although axial dispersion in channel 2 decreases with the increase in the averaged Dean number, as shown in Fig. 10 , the concentration fluctuations at the outlet of Unit 1 increase at averaged Dean numbers larger than 10. This is caused by the deviation in the flow rates between channels 1 and 2, as shown in Fig. 8, i. e., the flow rate of channel 2 becomes larger than an equal division as the total flow rate increases. As a result, the residence time in channel 2 becomes shorter. It is clear from Fig. 11 that the time at the largest concentration of the channel 2 outlet becomes shorter than the virtual fluctuations without axial dispersion over an averaged Dean number of around 10 (this is indicated as the red arrow in Fig. 11) . Therefore, the amplitude of fluctuations at the Unit 1 outlet does not keep decreasing with the increase in the averaged Dean number. The redesign of the branched channel profile for the equal division of the flow rate should make axial mixing more efficient. 
Mixing efficiency for broad range of axial fluctuation frequencies evaluated with CFD simulations
CFD simulations for the simulation model outlined in Fig. 4 were carried out to evaluate the mixing efficiency of the serially-cascaded structure shown in Fig. 3 . Figure 13 plots the normalized concentration of the outlets of Units 1, 2, and 3 as a function of the normalized frequency, f*( = f / f 0 .), of the concentration fluctuations at the inlets under cases 1 and 2 listed in Table 3 . The harmonic components of the fluctuations at the outlet of Unit 1 have decreased less than the basic frequency of f 0 ( = 1 / T 0 ). However, it is clear that Units 2 and 3 that have cascaded downstream in Unit 1 have decreased fluctuations in the harmonic components. Therefore, a broad range of fluctuation periods can be decreased by using the concept in Fig. 3. (a) Case 1 in Table 3 . Averaged Dean number of channel 2 is 4.5.
(b) Case 2 in Table 3 . Averaged Dean number of channel 2 is 9.0. Fig. 13 Simulation results of normalized concentration at each outlet of Units 1, 2, and 3 as a function of normalized frequency f* of concentration fluctuations at inlet. Harmonic components of the fluctuations were decreased by Units 2 and 3, showed by the white arrows. As a result, a broad range of fluctuation periods were decreased. 
Experimental results
The results obtained from experiments are plotted in Fig. 14. Figures 14(a1) The results from the experiments and CFD simulations for the ratios of the absorbance fluctuations at each frequency with and without the micromixer are plotted in Fig. 15 . The agreement between the results obtained from simulations with those obtained from experiments was generally quite good. The deviation in simulation results from the experimental data of normalized concentration was within 0.2 in a range above the basic frequency, f 0 .
Conclusion
In flow chemical analyzers such as high performance liquid chromatography (HPLC), solvents need to be axially mixed to reduce detection noise. Micromixers are suitable for this purpose because of their low volumes and short residence times for liquids. We investigated an axial mixing micromixer using two serially cascaded channels in the form of a spiral through computational fluid dynamics (CFD) simulations and experiments. We made three main findings in this research.
(1) We found axial dispersion in individual channels decreased due to secondary flow in the spiral-shaped channels. The CFD simulations revealed that axial dispersion decreased with an increase in the Dean number, which indicated the ratio of secondary flow to the main flow. However, the balance of flow resistance between two branched channels became unequal at higher Dean numbers around 10 and the flow rate was not equally divided between them. Consequently, the mixing effect of the mixer decreased in that range of Dean numbers.
(2) The concept of several branched-channel units cascaded serially to decrease a broad range of the frequencies of concentration fluctuations was confirmed through CFD simulations. We found that the range of axial fluctuations above the basic frequency of pump pulsations was decreased to 20% by a three-cascaded-unit structure whose volume was 52.5 mm 3 .
(3) Axial fluctuations of solvents in an HPLC system were decreased to 22.1 and 18.4% at flow rates of 8.33 and 16.67 mm 3 /s. The frequency characteristics of absorbance fluctuations were predicted by using CFD simulations within 20% deviation from the experimental results. Therefore, the simulations could be used to improve the mixing efficiency of the micromixer in future work.
